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Introduction
This paper investigates (a) the determinants of innovation performance and (b) the impact of innovation performance on labour productivity of Swiss manufacturing firms in the period [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] . The study is in the spirit of the paper of Crépon, Duguet and Mairesse, which was published 1998 in the Economics of Innovation and New Technology (see Crépon et al. 1998) .
Our model of the innovative behaviour of Swiss manufacturing firms builds on the wide consent in economic literature that demand prospects, type and intensity of competition, market structure, factors governing the production of knowledge (appropriability, technological opportunities), resource endowment as well as firm size (as a variable controlling for further unobserved influences) are the main determinants of a firm's innovative activity. Labour productivity depends on physical and human capital as well as on new knowledge and innovation. Economies that develop more and more in the direction of a "knowledge-based economy" are relying increasingly on technological innovation. Hence, it is important to have some insights with respect to the (quantitative) relationship between innovation and economic performance.
The data used in this study come from the KOF panel database and were collected in 1996, 1999 and 2002 respectively based on a questionnaire quite similar to that used in the CIS.
Most of the qualitative data refer to a period of three years (1994-1996; 1997-1999; 2000-2002) . The database contains, among other things, firm data on several innovation indicators, on various innovation determinants (demand perspectives, conditions of market competition, appropriability conditions and technological opportunities, etc.), on firm performance (value added per employee) and other firm characteristics. We use an (unbalanced) panel of 1691 manufacturing firms.
In a first step, we specify an innovation equation containing as independent variables measures of demand expectations; measures of the intensity of price and non-price competition; the number of competitors in the most important market segment a firm is operating in; measures of technological opportunities (sources of external knowledge, technological potential); measures of the effectiveness of imitation protection; measures for skill shortage and shortage of internal financing. Further, it contains controls for industry affiliation and firm size. Firm size is inserted in the form of a polynomial (linear and quadratic term) with respect to the number of employees). This allows testing for scale effects. We use five dichotomous innovation measures (product innovations yes/no; process innovations yes/no; R&D activities yes/no; at least one patent application yes/no; products new to the market yes/no) and three metric measures (R&D expenditure as a percentage of sales; sales share of new products; sales share of considerably modified (already existing) products). The use of a wide spectrum of indicators helps to test the robustness of the specification of the innovation equation. The equations of the five dichotomous variables are estimated (a) by a simple probit for the pooled data using year dummies; (b) a probit with random effects in order to take into consideration heterogeneity due to the panel character of the data. The equations of the three metric variables are estimated (a) by a simple tobit (for the pooled data using year dummies) in order to take account of the truncation of the variables (a lot of zero values as downward limit); (b) by a tobit with random effects.
In a second step, we specify a labour productivity equation (value added per employee) containing a variable for human capital (share of employees with tertiary-level education), a variable for physical capital (value added share of non-labour firm income), a measure of R&D personnel shortage and an instrumented innovation variable. Further, it contains controls for industry affiliation and firm size. As instruments we use the independent variables of the innovation equation specified in the first step. We investigate also in this second equation all eight innovation variables already introduced in the first step. Hence, we estimate eight different models, each one with two methods: (a) two-stage least squares with pooled data and year dummies; (b) generalized two-stage least squares with random effects.
We refrain here from specifying separately equations for innovation input and innovation output, hence to postulate a knowledge production function, because, with the exception of innovation input determining innovation output per definition, all other determinants in both equations are identical. We prefer to investigate directly the (presumably) different impact of innovation input and innovation output on economic performance without the transmitting role of a knowledge production function; for whose identification our mostly qualitative data would be too crude.
The new elements that this paper adds to empirical literature are, first, the use of a broad spectrum of variables covering most factors proposed and discussed in literature as possible determinants of innovative activity; second, the consideration of several innovation indicators, thus allowing testing the robustness of the relationship between innovation and economic performance; third, the use of panel data for the period 1997-2002, since only few studies until now could dispose of panel data.
Section 2 gives a short summary of related empirical literature. In section 3 we present the framework of analysis and the specification of the innovation and the productivity equation respectively. Section 4 deals with the data used in the study. In section 5 we discuss the empirical results. Section 6 contains a summary and some conclusions
Summary of Empirical Literature
We concentrate here to empirical studies that (a) develop a multi-equation model for innovation and productivity at the firm level and (b) use CIS-like micro data.
The volume of Kleinknecht (1996) contains studies on the determinants of innovation for France, Germany, the Netherlands and Switzerland in the mid-nineties; Raymond et al. (2004) give a survey of recent studies of the determinants of innovation. See also the papers in the Special Issue of Economics and New Technology of Crépon et al. (1998) studied the links between productivity, innovation and research based on a structural model that explained productivity by innovation output, and innovation output by research investment based on a cross-section of French firm data. They found that the probability of engaging in R&D increases with its size, its market share and diversification, and with the demand pull and technology push indicators. R&D capital intensity increases with the same variables, except for size (only linear effect). The innovation output, as measured by patents numbers or innovative sales, rises with R&D capital intensity, demand pull and technology push indicators. Finally, firm productivity correlates positively with a higher innovation output, after controlling for labour skill and physical capital intensity. In a further study with French data Duguet (2006) distinguished two types of innovation, namely radical innovations and radical innovations. He found for a cross-section of French firm data that radical innovations are the only significant contributors to TFP growth. Lööf et al. (2001) , Janz et al. (2003) and Griffith et al. (2005) conducted comparative studies for many countries using the framework of analysis developed by Crépon et al. (1998) . The former study covers three Nordic countries (Finland, Norway and Sweden); the latter one compares German firms with Swedish firms. The third study deals with four European countries, namely France, Germany, Spain and the UK. All three studies are cross-section investigations based on CIS-Data. Lööf et al. found that the estimated elasticity of productivity with respect to innovation output is higher in Norway than in the other two countries. Surprisingly no significant relationship was found between innovation and productivity in Finland. The authors are reluctant to draw definite conclusions from these findings because of data errors, differences in model specification or unobserved countryspecific effects. Janz et al. analyzed the relationship between productivity, innovation output and R&D expenditure for a pooled sample of German and Swedish firms. The analysis showed that the two main parameter estimates, the elasticity of labour productivity with respect to innovation output and the elasticity of innovation output with respect to innovation input, are not significantly different between the two countries. Finally, the authors of the third study found using different innovation output measures that the innovation output is significantly determined by the innovation effort in all four countries. In contrast to that, productivity effects of innovation showed up only for France, Spain and UK, but not for Germany.
In a recent study based on Irish panel data Love et al. (2005) estimated a recursive system comprising an innovation production function which related knowledge inputs to innovation success, and equations which related innovation to productivity. Results indicated that external sources of knowledge are important determinants of innovation success. Product innovation has a strong positive effect on growth, and has a negative contemporaneous effect, June/July 2006. Wieser (2006) gives a survey of empirical work on the relationship between research and development and productivity at the firm level.
but positive lagged effect, on productivity. Process innovation has a positive effect on productivity with no lagged effect.
Finally, Lööf and Heshmati (2006) and Van Leeuwen and Klomp (2006) discuss and apply alternative econometric approaches and model specifications. The former study examines using Swedish cross-section firm data the sensitivity of the estimated relationship between innovation and firm performance by carrying out comparisons in a number of ways (assuming different error structure for the same data source, estimating the same model with different data bases, using different classifications of firms' performance and/or innovation, etc.). In the latter study, which is based on Dutch firm data, the value-added production function framework is replaced by a revenue function approach. A positive impact on productivity is found only for revenue per employee but not for value-added per employee.
On the whole, the comparability of existing studies is rather limited due not only to data problems but also to differences with respect to the applied econometric methodology but also with respect to model specification.
Framework of Analysis
Specification of the Innovation Equation
Dependent variables. In view of the complexity of the innovation process, characterized by several stages from basic research to the penetration of the market with new products, an approach relying on a single measure of innovation may leave out important relationships and produce results which are not robust (see e.g. Kleinknecht et al. 2002) . In this study we use a set of innovation measures covering several stages of the innovation process, namely five binary indicators (product innovations yes/no; process innovations yes/no; R&D activities yes/no; patent applications yes/no; products new for the (world) market yes/no) and three metric indicators (R&D expenditure/sales; sales share of new products; sales share of considerably modified (existing) products).
Independent variables.
For specifying the innovation equation we apply an eclectic approach by taking into account a series of important factors that are considered to be relevant for innovation at firm level in economic literature. There is a wide consent that demand growth potential, type and intensity of competition, market structure, firm size as well as factors governing the generation of knowledge (appropriability of the returns of innovations, technological opportunities in the relevant fields of activities) are the main determinants of the innovation activity at firm level. In accordance to this tradition, the empirical model used in this study comprises variables for the most important determinants of innovative activity as considered in the literature (see for example, Dasgupta 1986; Dosi 1988; Cohen and Levin 1989 ; and Cohen 1995 for reviews of this literature).
We distinguish four groups of explanatory variables. First, we include an indicator for demand conditions: variable D measures the expected development of demand on the relevant product markets in the medium run (next three years).
A second category of explanatory variables is related to the (product) market conditions under which the firms are operating, particularly the competitive pressures they are exposed to.
Mostly, market concentration, a structural variable, is taken to reflect competitive pressures.
Standard industrial organization models of product differentiation and monopolistic competition typically predict that more intense product market competition, measured by an increase in the substitutability between differentiated products, reduces post-entry rents, and therefore increases market concentration (see e.g. Kamien and Schwartz 1970, Dixit and Stiglitz 1977 ; see also the discussion in Aghion et al. 2005 ). In the game-theoretic literature the impact of market structure upon the schedule of innovation is shown to depend critically on the difference of profit rates preceding and following the innovation (see e.g. Reinganum 1981 ). This dependence being quite complicated, most studies do not come to theoretical unambiguous results with respect to the effects of market concentration on innovation (see whether positive effects in the tradition of Schumpeter are stronger than negative "free competition effects", as some empirical studies find (see e.g. Geroski 1995 , Blundell et al. 1999 ), has to be resolved at the empirical level. We use three variables to capture the influence of the market environment, namely a measure of the intensity of price competition on a firm's specific market (variable IPC), a measure of the intensity of non-price competition and a measure of the market structure as reflected by the number of main competitors on a firm's most important (worldwide) product market. We expect a positive effect of the intensity of non-price competition on innovation. This is in accordance with models of product differentiation, in which product quality is the main dimension of competition among firms and which are interpreted as models of incremental innovation (see e.g. Stoneman 1983, Levin and Reiss 1988 Spence 1984 ). There is a twofold incentive problem. On the one hand, the existence of imperfect appropriability (above a critical level of the underlying knowledge spillovers) decreases the incentives to innovate, because of external losses of innovation rents caused by imperfect appropriability ("outgoing spillovers"). On the other hand, imperfect appropriability also increases the incentives to utilize spillovers coming from outside the firm ("incoming spillovers"). The extent of incoming spillovers depends also on the amount of external knowledge that is available or can be anticipated as being available (technological opportunities).
We use a measure of appropriability based on the firms' assessment of the overall effectiveness of formal and informal mechanisms of protection of innovation returns (variable APPR; see Levin et al. 1987 ). We expect a positive effect of this variable. Technological opportunities representing the supply conditions of innovation-generating activities are proxied by two (sets) of variables. The first variable reflects the general technological potential characterizing the fields of activity that are relevant for the firm (variable TPOT).
TPOT tries to capture the extent of overall accumulation of "basic knowledge", part of which comes from science-oriented basic research. We expect a positive effect for this variable. The second (group) of technological opportunity variable(s) measures the importance of several sources of external knowledge for a firm's innovative activities (see Klevorick et al. 1995) .
We use information for seven different sources of information, namely users, suppliers (of equipment, components etc.), competitors, affiliated firms, universities, patent disclosures and fairs and exhibitions. We expect a positive effect for the entire set of these variables but only necessarily for each of them.
Fourth, measures for financial and human resources assigned to the generation of new products and new processes are taken into account. Thus, in the innovation equation are also included a measure of shortage of internal financial resources for innovation (variable FIN_IMPED) and a measure of shortage of skilled labour (variable SKILL_IMPED). We expect negative effects for both variables.
Furthermore, firm size, an explanatory variables used in most innovation studies (see e.g.
Cohen 1995), is also included in the present study. Firm size, which is expected to be positively related to innovation, plays a special role: it may prove to be an independent (additional) determinant of adoption, in which case it stands for firm-specific effects not explicitly modelled (range of activities, management capabilities etc.) and/or it may function as a proxy for other variables in the model in case it is strongly correlated with them (sizedependence of the model variables; see Arvanitis 1997); we concentrate here to the effects as an additional determinant. We use the number of employees in full-time equivalents as a measure of firm size. We include a linear and a quadratic term with respect to the number of employees (variables L, L2) in the innovation equation in order to capture possible nonlinearities. We expect that innovation increases with firm size but at a decreasing rate.
Finally, we control for manufacturing sub-sectors (dummy for high-tech manufacturing) and the time (two time dummies for 1999 and 2002 for the estimates with pooled data). We expect time dummies to reflect the effects of macroeconomic conditions on innovation not already captured by the demand variable D.
Specification of the Productivity Equation
The productivity equation ( for firm size, industry affiliation and time (if necessary). We expect positive effects for the resource endowment variables LC and LHK and a negative one for RDSKILL_IMPED. Our main hypothesis with respect to the binary innovation indicators is that innovation activities would contribute as an additional production factor to an improvement of labour productivity firms compared to firms that are not involved in such activities (see Griliches 1979 Griliches , 1995 .
The use of several binary variables for different kinds of innovation activities allows a serves to test the robustness of the innovation effect on economic performance. Positive effects are expected also for the three metric variables that measure the intensity of innovative activity.
The signs for the variable FOREIGN as well as for the firm size dummies are not a priori clear.
Finally, we take into account the endogenous character of innovative activities by estimating a version of the productivity equation, in which the innovation indicators are instrumented. As instruments we use the independent variables of the innovation equation.
Data
The data used in this study were collected in the course of three surveys among Swiss enterprises in the years 1996, 1999 and 2002 using a questionnaire which included besides questions on some basic firm characteristics (sales, exports, employment, investment and employees' vocational education) also several innovation indicators quite similar to those in the Innovation Surveys of the European Community (CIS). 2 The survey was based on a (with respect to firm size) disproportionately stratified random sample of firms with at least 5 employees covering all relevant industries of the manufacturing sector, the construction sector and selected service industries as well as firm size classes (on the whole 18 industries and within each industry three industry-specific firm size classes with full coverage of the upper class of large firms). We used in this study only data for manufacturing firms. Answers were received from 33.5% (1996), 33.7% (1999) and 44.6% (2002) enterprises from all fields of activity and size classes and may be considered as representative of Swiss manufacturing (see table A.1 in the appendix for the structure of the used data set by industry, firm size class and year respectively).
Results
Innovation Equation
For each binary innovation variable we estimated (a) a probit model with the pooled data for all three years and two time dummies and (b) a probit model with random effects. In both cases heteroscedasticity-robust standard errors according to the White-procedure were computed. All estimations were conducted with STATA, Version 8. The rather high share of variance due to heterogeneity (τ=0.41-0.61 in Table 1) shows that taking account of random effect is the appropriate methodology for panel data. Table 1 shows the estimates for the five binary variables; it also contains detailed information on the construction of the model variables.
We take the estimates binary variables INNOPD and INNOPC as a reference in order to describe the main pattern of the determinants of innovation activities, which we then compare (a) with the pattern for the other three binary indicators and (b) with that for the three metric variables.
3
Demand expectations: Positive medium-term demand expectations (variable D) in one period have a positive effect on the likelihood to introduce a product and or a process innovation in the next period. This result is accordance to theory and also many other empirical studies based on micro data.
Competition: As expected, there is a positive correlation between the intensity of non-price competition and the propensity to introduce product and/or process innovations (variable 2 Versions of the questionnaire in German and French are available in www.kof.ethz.ch. 3 We refrain here from presenting marginal effects instead of coefficients because most of the model variables are dummy variables and the economic interpretation of marginal effects is in this case rather problematic.
INPC). We also find a positive effect of the intensity of price competition but only for process innovation (variable IPC). In this case the "free competition effect" seems to be more important than the Schumpeterian effect. Intuitively, it is quite sensible to assume that high price competition for (obviously) quite substitutable products would be a strong incentive for reducing production costs through process innovation (see e.g. Levin and Reiss 1988) . 4 All three dummies for the market structure have positive and statistically significant coefficients in the estimates for product innovation but not in the estimates for process innovation. This means that all three concentration thresholds define market environments for which the likelihood of product innovations is significantly larger than in the polypolistic market with more tan 50 competitors. In the random effect estimates for product innovations the differences between the coefficients of the three dummies are statistically significant but the coefficient for the threshold (6 to 15 competitors is smaller than the respective coefficients for the other two thresholds (16 to 50 competitors) and (up to five competitors). In the simple probit model with time dummies two thresholds have the same coefficient. Thus, there is no monotonic positive relationship between concentration (as measured by the number of competitors) and the propensity to innovate. How can we interpret economically the effects of the concentration thresholds in the case of product innovations? Rather than the market power in the narrow sense of "high-concentration markets" with permanent high entry barriers they reflect the ability of innovative SMEs to operate in market "niches" (with less than 50 competitors) based on product differentiation due to incremental product innovation.
Appropriability: As expected, a high appropriability of innovation returns, as measured by a high effectiveness of formal and informal protection mechanisms (variable APPR), is important for both kinds of innovation.
Technological opportunities: The variable TPOT measuring the overall effect of externally available knowledge that is relevant for a firm's innovative activity shows a statistically significant positive effect in all four estimates for INNOPD and INNOPC. A joint test for the seven single external sources of information showed that the overall effect is positive. Three single sources, namely users, patent disclosures and fairs and exhibitions have a significant positive effect on the propensity to introduce product innovations. Patent disclosures and fairs and exhibitions are a relevant information source also for process innovations. The variable for knowledge from competitors has a negative sign in the estimates for product innovations.
Spillovers from competitors are obviously not a means to encourage innovative activities in a firm. The coefficients of the variables for suppliers, universities and affiliate firms are statistically insignificant. On the whole, incoming spillovers are transmitted through only a few channels.
Shortages of resources:
Lacking enough (internal) financial resources for innovation is a serious obstacle of innovative activities, especially of product innovations, as the negative sign of this variable shows. Since we control for a firm's specific demand development as well as for macroeconomic conditions (time dummies) this kind of impediment seems to be of structural nature, thus a possible matter of concern for policy makers. Skill shortages are relevant only for product innovations. Also in this case we identify a structural obstacle of innovative activity that could also reveal a policy problem. In sum, all four groups of hypothesized variables and firm size as well are statistically relevant. This general finding is in accordance to previous studies (see e.g. Arvanitis and
Hollenstein 1996 for a similar analysis with cross-section data of 1993). On the whole, for the four binary indicators referring mainly to product innovations we find a series of robust results across all estimates that are worth noting once more here: positive effects for demand expectations, technological potential, patent disclosures as an important external knowledge source firm size; also positive effects for firms operating on a market niche with up to five competitors; partly also positive impact for the intensity of non-price competition, appropriability conditions and users as relevant knowledge source. Finally, belonging to high-tech manufacturing contributes to a higher innovation performance, even after we control for all other determinants.
Other binary innovation indicators:
Metric innovation variables:
We estimated (a) a tobit model with pooled data and time dummies and (b) a tobit model with random effects for each of the three metric innovation indicators, namely the logarithm of R&D intensity (LRDS; R&D expenditure divided by sales), the logarithm of the sales share of new products (LNEWS) and the logarithm of the sales share of significantly modified already existing products (LIMPS). 5 All estimations were conducted with STATA, Version 8. Table 2 shows the estimates for the three metric variables; it also contains detailed information on the construction of the model variables. Also in these estimates we find a considerable amount of heterogeneity (τ=0.37-0.64 in Table 2 ).
Demand conditions:
We find also for these indicators significant positive effects of demand expectations on innovation performance.
Competition: the intensity of non-price competition is important for input-oriented as well as output-oriented indicators; the intensity of price competition is relevant for the variable IMPS that measures the sales share of considerably modified existing products, which are more price-sensitive than thoroughly new products (variable LNEWS). Market niches with up to five competitors are as market environment significantly more favourable for innovation than a market with more than 50 competitors; this result is valid for all three metric indicators. For the variables LRDS and LIMPS this is valid also for markets with 6 to 15 competitors; moreover, the coefficient of the dummy for up to five competitors is significantly larger than that for 6 to 15 competitors. This result we interpret as (weak) evidence for the existence of the Schumpeterian effect of competition. In the estimates for LNEWS we find at clearest the tendency of R&D intensity to increase with increasing concentration.
Appropriability: We find positive effects for the variables LRDS and LNEWS; appropriability is not relevant for modified products with a lower degree of innovativeness than thoroughly new products.
Technological opportunities: The (anticipated) technological potential is also with respect to these innovation measures variables quite relevant. Users as a knowledge source show positive effects for both categories of innovative products but not for R&D intensity. In the estimates for LRDS and LIMPS we obtain also positive effects for university knowledge.
Thus, the acquisition and utilization of science-based knowledge seems to correlate positively with the intensity of innovation activities. On the contrary, the likelihood to get involved in innovation activities is not dependent on such specialized knowledge.
Firm size:
We obtain the standard pattern as for the binary variables (positive linear term, negative quadratic term.
Shortages of resources:
The coefficients for the variables for shortages in finance and highskilled personnel are throughout negative but only in the estimates for LNEWS statistically significant.
Control variables:
For all three indicators the affiliation to high-tech manufacturing is positively related to a higher innovation performance. The general economic conditions are relevant only for LRDS.
Productivity Equation
We estimated eight different models, namely five with the instrumented binary innovation variables and three with the instrumented three metric indicators, each one of them with two methods: (a) two-stage least squares with pooled data and year dummies; (b) generalized twostage least squares with random effects. As instruments were used the independent variables of the innovation equation in Tables 1 and 2 . All estimations were conducted with STATA, Version 8. The high share of variance due to heterogeneity (τ=0.53-0.73 in Tables 3 and 4) shows that taking account of random effect is the appropriate methodology for panel data. Table 3 shows the estimates of the productivity equation with five alternative binary measures of innovation, Table 4 the respective estimates with the three metric innovation indicators.
Both tables contain detailed information on the construction of the model variables.
As expected, the coefficients of the variables for resource endowment (LHK; LC) are positive and highly statistically significant across all estimates. The elasticity of capital income per employee varies between 0.046 and 0.073 in ). An economic interpretation of these coefficients is that, for example, on average a switch from a firm without product innovations to a firm that has introduced product innovations, is correlated to an increase of 41% to 44% of labour productivity. 7 The smallest impact is found for WN (21%) and the largest for PAT (46%).
We find throughout a significant positive impact also for all three metric indicators. A change of 1% of the R&D intensity (R&D expenditure divided by sales) impacts an increase of 0.052% to 0.056% of productivity, all other things being equal. 8 For comparison, the respective effects for human capital and physical capital are 0.046% and 0.027% respectively.
The corresponding effects for the sales share of new products and the sales share of highly improved (already) existing) products are larger, namely 0.100% to 0.113% and 0.135% to 0.141% respectively. Thus, the output-oriented variables LNEWS and LIMPS show a considerably larger effect on economic performance than the input-oriented measure LRDS.
Summary and Conclusions
The results for the innovation equations can be summarized as follows: Favourable demand conditions are an important precondition for innovative activities to be undertaken by private enterprises (introduction of product and/or process innovations, R&D activities, patenting).
They also enhance innovation performance as measured by the R&D intensity (LRSD) or the sales shares of innovative products (LNEWS, LIMPS). Competition pressures are more important for the intensity of innovation activities than for the basic decisions to engage in innovation activities as measured by the binary indicators. The most robust result across all estimates with respect to market environment is that a market niche with up to five competitors is considerably more favourable for a firm than most other market constellations. The results for the productivity equations can be summarized as follows: we find significantly positive coefficients for all eight instrumented innovation variables. The magnitude of the impact effect on productivity of the five dichotomous variables varies between 21% and 46%.
This means that dependent on the concrete innovation indicator the shift from a firm without innovation activities to the one with such activities correlates with a productivity increase of 21% to 46%. Further, a 1% change of the R&D intensity (R&D expenditure divided by sales)
impacts an increase of 0.054% of productivity, all other things being equal. The respective effects for the sales share of new products and the sales share of highly improved (already) existing) products are larger, namely 0.106% and 0.138% respectively.
Finally, the persistence of shortages of internal finance of innovation and qualified personnel (in some of the estimates of the innovation equations) as well as of R&D personnel (in most estimates of the productivity equation) points at possible structural problems that should be a matter of concern of economic policy.
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